UL12 is a 5-to 3-exonuclease encoded by herpes simplex virus type 1 (HSV-1) which degrades single-and double-stranded DNA. UL12 and the single-strand DNA binding protein ICP8 mediate a strand exchange reaction. We found that ICP8 inhibited UL12 digestion of single-stranded DNA but stimulated digestion of double-stranded DNA threefold. The stimulatory effect of ICP8 was independent of a strand exchange reaction; furthermore, the effect was specific to ICP8, as it could not be reproduced by Escherichia coli single-stranded DNA binding protein. The effect of ICP8 on the rate of UL12 double-stranded DNA digestion is attributable to an increase in processivity in the presence of ICP8.
The herpes simplex virus type 1 (HSV-1) contains a large double-stranded DNA (dsDNA) genome and appears to utilize a recombination-dependent pathway during DNA replication which is reminiscent of the large DNA bacteriophages (reviewed in reference 16). We have recently found that the HSV-1 single-stranded DNA (ssDNA) binding protein (SSB) ICP8 and the alkaline nuclease UL12 are capable of catalyzing an in vitro strand exchange reaction (10) . In this reaction, the exonuclease resects DNA from an exposed double-stranded end, and the SSB anneals complementary single-stranded regions. Evidence from the analogous lambda Red and RecE/T systems indicates that the in vivo recombinase activity depends upon the specific interaction of the two components, as an exonuclease from one pair is unable to promote recombination with the synaptase of the other (7) . This result suggests that the two proteins specifically influence the activity of one another. Here we investigate whether UL12 nuclease activity is affected by the presence of the synaptase ICP8 and whether any influence on activity coincides with the strand exchange reaction.
We assayed the in vitro nuclease and strand exchange activities of UL12 in the presence or absence of ICP8, using substrates and reaction conditions defined previously for these assays (10, 11) . The substrate used was a PCR-generated 1.5-kb fragment, uniformly labeled by the inclusion of [ 32 P]dCTP in the deoxynucleoside triphosphate mix. For measurements of digestion of single-stranded DNA, the substrate was prepared by boiling and quickly cooling the1.5-kb fragment. Figure 1 shows that the rates of digestion by UL12 were nearly the same for both dsDNA and ssDNA. In the presence of ICP8, however, the digestion of single-stranded DNA was greatly reduced. This is because ICP8 can coat the singlestranded DNA, making it inaccessible to UL12 digestion. In contrast, the rate of digestion of double-stranded DNA was tripled in the presence of ICP8. One explanation could be that ICP8 binds to the 3Ј-single-stranded tail that is produced by UL12 digestion and eliminates secondary structure that could interfere with further digestion by UL12. If this were the reason for the stimulation of nuclease activity, we would expect another SSB to have the same effect. As shown in Fig. 1 , Escherichia coli SSB did not show any stimulatory effect on UL12 digestion of dsDNA. It did, however, inhibit digestion on ssDNA in a manner similar to ICP8. Thus, the stimulatory effect of ICP8 on UL12 was specific, since it could not be reproduced by another SSB.
Since it has been proposed that synaptases modulate the activity of their cognate nucleases during strand exchange (15), we next examined the effect of ICP8 on UL12 during the strand exchange reaction. In this reaction, the 32 P-labeled 1.5-kb fragment was paired with unlabeled single-stranded DNA that either possesses the 1.5-kb insert (M13wins) or does not share homology with the dsDNA substrate (M13pm18) (11) . The strand exchange product was seen only when both UL12 and ICP8 were incubated together with the 1.5-kb fragment and the homologous ssDNA acceptor, M13wins (Fig. 2A, lane 5) . Figure 2A also demonstrates the digestion of the dsDNA fragment by UL12. A modest shortening of the double-stranded fragment was observed upon incubation with UL12 alone (Fig.  2A, lane 2) . When both the dsDNA and ssDNA substrates were present, however, dsDNA digestion was inhibited, probably due to the ability of the ssDNA to compete with the 1.5-kb fragment for UL12 binding and digestion ( Fig. 2A, lanes 3 and  6) . When ICP8 was added, in the presence or absence of ssDNA, the digestion of the 1.5-kb fragment was enhanced ( Fig. 2A, lanes 4, 5, and 7) . The digestion of the fragment appeared to be similar whether there was strand exchange (lane 5) or whether there was no strand exchange (lanes 4 and 7), indicating that the stimulatory effect of ICP8 is independent of the strand exchange reaction or the presence of ssDNA. ICP8 alone had no detectable nuclease activity (lane 8). Figure  2B confirms that ICP8 enhanced the nuclease activity of UL12 on dsDNA both in the presence and absence of the strand exchange process. Thus, UL12 apparently differs from other nuclease/synpatase members (15) in that the nuclease activity is apparently not modulated by homology during strand exchange.
We next investigated the mechanism of the ICP8-mediated stimulation of UL12 nuclease activity. In their characterization of UL12, Hoffman and Cheng determined that UL12 is not a processive nuclease (3) . If the initiation step of the UL12 nuclease reaction is slow, the effective rate of the reaction can be increased by enhancing the processivity of the enzyme. We therefore tested whether ICP8 increased the rate of UL12 digestion by increasing the processivity of the UL12 nuclease. We used heparin to trap the nuclease that had dissociated from the DNA. When heparin was added prior to UL12 or UL12/ ICP8, no digestion of the substrates was observed, indicating that the amount of heparin used was sufficient to trap UL12 (data not shown). As shown in Fig. 3 , the addition of heparin (marked with an arrow) completely arrested digestion by UL12 alone, consistent with its identification as a nonprocessive enzyme. In contrast, UL12 digestion in the presence of ICP8 was essentially unaffected by heparin, showing that UL12 did not dissociate from the DNA during the course of the assay. This demonstrates a significant increase in processivity in the presence of ICP8 and is likely to be the reason for the stimulation of UL12 nuclease activity. We cannot rule out that other factors such as direct stimulation of the nuclease or improved loading also contribute to the enhanced UL12 activity in the presence of ICP8, and further experiments will be required to analyze these possibilities.
Many processivity-enhancing proteins rely upon topological on October 31, 2017 by guest http://jvi.asm.org/ tethering, often achieved by formation of rings which encircle the DNA. In contrast, HSV enzymes such as the polymerase processivity subunit, UL42, utilize an unusual mechanism to promote processive polymerase activity. UL42 binds DNA as a monomer (8) , and it has been suggested that electrostatic attraction holds UL42 in close proximity to the DNA, providing processivity without formation of a ring structure around the DNA (17) . In addition, in contrast to most replicative helicases which are ring-forming hexamers, the HSV replicative helicase is not (6) . Another example is provided by the HSV-1 origin binding protein UL9, whose helicase activity is stimulated by ICP8 and is mediated via specific protein-protein interactions (1, 2) . Thus, the HSV replicative proteins appear to have evolved mechanisms to ensure processivity without topological tethering via ring formation. The crystal structure of exonuclease indicates that it is a homotrimer with a channel large enough to accommodate DNA, providing a structural basis for its processivity (5) . On the other hand, UL12 has been shown to be a dimer (4) . Based on the previous reports by us and others that ICP8 and UL12 specifically interact with one another (9, (12) (13) (14) and the results presented in this paper, we propose that UL12 may achieve processivity via protein-protein interactions with ICP8, consistent with the virus' apparent avoidance of ring formation in establishing processivity. We previously showed that potent ICP8 recombinase activity is revealed only upon resection of dsDNA substrate by a nuclease (11) . These data, combined with the reported proteinprotein interactions between ICP8 and UL12 and the specific stimulation of UL12 activity by ICP8 reported in this paper, support our hypothesis that UL12 and ICP8 act together to promote homologous recombination during HSV genome replication. The purification of ICP8 and UL12 mutant proteins that do not interact with one another is currently under way in order to further test this model.
